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ABSTRACT 

U.S.  Army  systems  increasingly  require  novel 
methods  of  high  density,  fast  charging  power  sources.  In 
this  study,  a  novel  alternative  to  traditional  batteries, 
catalytic  microcombustors  utilizing  hydrocarbon  fuels,  are 
fabricated  and  characterized.  These  devices  are  found  to 
be  robust,  easy  to  start  up,  operable  over  a  wide  range  of 
compositions  and  temperatures,  and  able  to  support 
complete  combustion  over  a  range  of  fuels  and  fuel/air 
ratios.  Various  materials  of  construction  are  investigated 
in  order  to  yield  good  temperature  uniformity.  Successful 
integration  with  thermoelectric  devices  is  achieved, 
resulting  in  electrical  power  generation  from  catalytic 
microcombustion  with  a  thermal  efficiency  of  -1%. 

1.  INTRODUCTION 

Advances  in  soldier  technology  have  led  to  the 
proliferation  of  portable  electronic  devices  on  the 
battlefield,  including  communication  equipment,  global 
positioning  systems,  night  vision  goggles,  and  chem-bio 
agent  detectors.  Additionally,  new  miniature  vehicles, 
such  as  mules  and  mini-unarmed  aerial  vehicles,  as  well 
as  instrumented  munitions,  are  also  being  fielded.  All  of 
these  systems  require  compact  power  systems  that  are 
safe,  light,  efficient,  and  robust. 

Traditional  batteries  have  a  low  energy  density, 
which  places  burdensome  weight  and  power  limitations 
on  system  design.  Furthermore,  the  highest  energy  density 
batteries  are  often  non-rechargeable.  These  single-use 
batteries  necessarily  produce  significant  economic, 
logistic,  and  environmental  burdens. 

Power  generation  utilizing  hydrocarbons  offers  a 
promising  alternative  to  traditional  batteries.  The  energy 
density  of  hydrocarbons  is  significantly  higher  than  that 
of  batteries  (approximately  40  vs.  0.5  MJ/kg  for  lithium- 
ion  battery  chemistries)  (Sitzki  et  al.,  2001).  A 
hydrocarbon-based  device  with  an  overall  efficiency  of 
approximately  1%  or  greater  can  therefore  lead  to 


improvements  over  current  battery  technology. 
Furthermore,  hydrocarbon-based  power  systems  can  be 
quickly  ’'recharged”  simply  by  physical  addition  of  more 
fuel. 

Proton  exchange  membrane  (PEM)-based  fuel  cells 
convert  hydrogen  directly  into  electricity.  However, 
systems  utilizing  compressed  H2  produce  low  system- 
level  energy  density  because  of  the  high  strength  tanks 
required  to  store  the  gas  at  high  pressures,  and  prevention 
of  explosions  is  a  major  concern.  Direct  methanol  fuel 
cells  (DMFCs)  suffer  from  crossover  of  methanol  from 
the  anode  to  the  cathode,  which  depresses  the  cell  voltage 
and  results  in  fuel  loss  (Patil  et  al.,  2004).  System  energy 
density  is  also  reduced,  since  most  DMFC  devices  require 
significant  aqueous  dilution  of  the  methanol  fuel. 

Recent  efforts  have  attempted  to  utilize  combustion 
of  hydrocarbons  in  miniature  devices  to  directly  produce 
heat  or  power  (Ahn  et  al.,  2003).  These  devices  typically 
utilize  conventional  homogeneous  (gas-phase) 
combustion,  the  same  processes  by  which  macroscopic 
flames  produce  heat.  A  major  disadvantage  of 
homogeneous  combustion  is  that  operating  temperatures 
are  necessarily  very  high  (>1500°C).  These  high 
temperatures  greatly  limit  material  selection,  require 
extensive  combustor  insulation,  and  lead  to  significant 
NOx  production  (Miller  et  al.,  1989).  Thermal 
management  is  not  only  critical  for  system  compatibility 
with  electronics,  packaging,  and  personnel,  but  also  for 
control  of  thermal  signature.  Furthermore,  some  of  these 
devices  consist  of  complicated  miniature  parts,  which  are 
difficult  and  expensive  to  fabricate,  and  so  far  have 
exhibited  efficiencies  well  below  1%  (Schaevitz  et  al., 
2001). 

An  alternative  to  homogeneous  microcombustion  is 
to  combust  the  fuel  catalytically,  without  the  production 
of  a  flame.  When  implemented  in  miniature  devices, 
catalytic  microcombustion  has  the  potential  to  fully  utilize 
the  high  energy  densities  of  hydrocarbon  fuels,  but  at 
much  lower  operating  temperatures.  Additionally, 
catalytic  systems  are  typically  easier  to  start  (could  in  fact 
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be  self-igniting  (Norton  et  al.,  2004)),  more  robust  to  heat 
losses,  and  self-sustained  at  leaner  fuel/air  ratios. 


Figure  1.  (a)  Photograph  of  a  microcombustor  (small 
microcombustor;  see  experimental  section)  and  (b)  schematic  of 
side  view  of  the  microcombustors  (not  to  scale  for  ease  of 
visualization 

In  our  previous  work,  ceramic  catalytic 
microcombustors  were  fabricated  and  tested  (Norton  and 
Vlachos,  2004;  Norton  et  al.,  2004).  Hydrogen/air 
mixtures  were  found  to  be  self-igniting  and  self- 
sustaining  down  to  the  leanest  possible  compositions. 
When  the  gap  size,  i.e.,  the  characteristic  microcombustor 
dimension,  was  reduced  below  1  mm,  homogeneous 
combustion  was  eliminated.  Propane/air  mixtures  were 
found  to  be  self-sustaining  over  a  wide  range  of 
compositions,  at  gap  sizes  as  small  as  250  jam  examined 
experimentally,  and  the  self-igniting  nature  of  hydrogen 
was  used  to  start  propane/air  mixtures  without  any 
ignition  sources.  Elimination  of  ignition  sources  is  an 
important  finding  because  it  reduces  device  size  and 
weight.  Finally,  complete  fuel  conversion  was  observed 
over  a  wide  range  of  conditions,  an  essential  feature  for 
device  efficiency,  safety,  and  environmental  impact.  Key 
to  this  high  performance  is  the  enhanced  transport  rates 
achieved  at  the  microscale.  However,  these  initial 
microcombustors  produced  thermal  energy  only, 
exhibited  large  temperature  non-uniformity,  and  were  not 
capable  of  generating  usable  electrical  power. 


In  this  paper,  we  demonstrate  a  second-generation  of 
catalytic  microcombustion-based  devices.  The  bulky 
ceramic  walls  of  the  previous  devices  have  been  replaced 
by  metal  components  with  integrated  insulation  layers, 
resulting  in  a  more  compact  and  rugged  device. 
Additional  thermal  diffusion  layers  are  added  to  the 
combustion  device  to  reduce  thermal  gradients  along  the 
combustion  zone.  Finally,  the  microcombustor  is  directly 
coupled  to  a  thermoelectric  device,  demonstrating  thermal 
efficiencies  of  ~  1%  and  the  operation  of  a  commercial 
electronic  device  from  both  hydrogen  and  propane  fuel 
sources.  These  microcombustors  are  shown  in  Figures  1 
and  2a. 
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Figure  2.  (a)  Photograph  of  a  disassembled  microcombustor 
(large  microcombustor;  see  experimental  section)  that  is  used  for 
electricity  generation,  (b)  Schematic  of  the  thermoelectric- 
microcombustor  device  showing  the  major  device  components 
(not  to  scale). 


2.  EXPERIMENTAL  APPARATUS 

Two  sets  of  microcombustors  were  fabricated  for  this 
study,  both  of  which  follow  the  schematic  of  Figure  lb. 
The  combustion  chamber  consists  of  a  thin  stainless  steel 
gasket  sandwiched  between  two  thicker  stainless  steel 
plates.  The  thickness  of  the  stainless  steel  gasket  was  500 
jam  in  all  cases.  Stainless  steel  inlet  and  outlet  tubes  are 
welded  to  the  top  plate,  at  opposite  ends  of  the 
combustion  zone.  Fine  metal  screens  are  placed  at  the 
entrance  and  exit  of  the  combustion  zone  to  act  as  static 
mixers,  promoting  uniform  flow  over  the  entire  length  of 
the  catalyst,  and  preventing  ’’jetting”  of  the  reactants 
(Norton  et  al.,  2004).  Catalyst  is  deposited  on  thin 
alumina  inserts,  which  are  separated  in  the  combustion 
chamber  by  1 -mm- wide  alumina  shims  to  create  a  total 
channel  height  of  300  jam.  Holes  spaced  along  the 
periphery  of  the  top  and  bottom  plates  allow  the  assembly 
to  be  bolted  together.  Conducting  wall  inserts  are  affixed 
to  the  outer  walls  of  the  burner  using  silver  paste,  in  order 
to  systematically  vary  the  axial  thermal  conductivity  of 
the  combustion  zone  walls  (see  Figures  lb  and  2b).  The 
entire  burner  is  enclosed  in  an  insulating,  6.4-mm-thick 
fibrous  alumina  jacket. 


Figure  3.  Scanning  electron  micrograph  of  the  porous  stmcture 
of  the  anodized  alumina  wafer.  The  pores  have  diameters  on  the 
order  of  50  nm. 


The  first  microcombustor  (see  Figure  la),  which  we 
will  refer  to  as  the  small  microcombustor,  was  fabricated 
primarily  to  characterize  system  performance  and 
optimize  materials  selection.  The  top  and  bottom  plates 
are  0.79  mm  thick,  and  the  combustion  zone  (inner 
dimension  of  the  stainless  steel  gasket)  is  1  cm  wide  by  5 
cm  long.  The  resulting  burner  volume  is  -142  jiL.  The 
second  microcombustor  (see  Figure  2a),  which  we  will 
refer  to  as  the  large  microcombustor,  is  wider,  with  a 
combustion  zone  3  cm  wide  by  5  cm  long.  The  resulting 
burner  volume  for  this  device  is  -349  |iL.  This  larger 
area  is  designed  to  fit  the  form  factor  of  the  thermoelectric 
device.  Additionally,  the  increased  channel  width  allows 


for  larger  flow  rates,  for  the  same  residence  time,  which 
are  desirable  for  higher  power  devices,  or  longer 
residence  times  for  the  same  volumetric  flow  rates,  which 
can  potentially  achieve  greater  conversion.  The  burner 
plates  used  in  this  burner  are  3.2  mm  thick. 

For  the  small  microcombustor,  3.2-mm-thick  wall 
inserts  composed  of  copper  (k  -  500  W/m-K)  and  type 
316  stainless  steel  (k  -  20  W/m-K)  were  tested. 
Experiments  were  also  performed  by  removing  the  inserts 
and  leaving  a  static  air  gap  (k  -  0.05  W/m-K)  between  the 
combustor  wall  and  the  insulation  material.  For  the  large 
microcombustor,  a  3.2-mm-thick  copper  wall  insert  was 
used  between  the  top  plate  of  the  microcombustor  and  the 
thermoelectric  device.  Additionally,  a  3  cm-thick  by  7 
cm  wide  by  9  cm  long  finned  aluminum  heat  sink  was 
placed  on  top  of  the  thermoelectric  to  act  as  a  heat  sink. 

The  catalytic  inserts  are  formed  by  completely 
anodizing  7 5 -jam-thick  aluminum  foil  to  create  a  large 
surface  area  alumina  substrate.  Figures  3  and  4  show  the 
porous  structure  of  the  surface  of  the  anodized  alumina, 
which  achieves  a  final  thickness  of  -  100  jam.  There 
exists  a  semi-ordered  structure  of  pores,  with 
approximately  2x1 014  pores/m2  of  catalyst  with  diameters 
on  the  order  of  50  nm.  Approximately  1500  m2  of  surface 
area  is  exposed  for  every  geometric  m2  of  alumina 
resulting  in  approximately  14  m2  per  gram  of  catalyst.  To 
deposit  platinum  catalyst,  the  alumina  substrates  are 
immersed  in  0.007M  aqueous  dihydrogen 
hexachloroplatinate  (IV)  for  2  hours.  The  pH  was 
modified,  with  sodium  hydroxide  or  hydrochloric  acid,  to 
a  value  of  3.  The  acid  was  then  reduced  to  platinum  metal 
with  H2  at  600  °C  for  3  hours. 


Figure  4.  Scanning  electron  micrograph  of  the  cross  section  of 
the  pores  in  the  anodized  alumina.  The  pores  start  on  either  side 
of  the  wafer  and  meet  at  the  center. 


Thermocouples  were  spot  welded  to  the  exterior  of 
the  combustor  walls,  or  placed  under  the  insert  and  held 
in  place  with  silver  paste,  to  measure  the  temperature 


profile.  The  thermocouples  were  attached  in  the  middle  of 
the  channel,  along  the  reactor.  Since  the  reactor  wall  is 
very  thin,  these  measurements  provide  reasonable 
estimates  of  the  internal  temperatures  at  those  locations. 
During  several  trials,  additional  thermocouples  were 
attached  in  the  transverse  direction,  and  good  transverse 
temperature  uniformity  was  observed.  In  addition, 
infrared  (IR)  imaging  was  used  to  interrogate  spatial 
temperature  profiles  for  un-insulated  microcombustors. 

Experiments  are  performed  using  hydrogen  (H2)/air 
and  propane  (C3H8)/air  fuel  systems.  The  feed  flow  and 
composition  are  controlled  by  mass  flow  controllers.  For 
all  experiments,  the  total  flow  rate  is  fixed  at  2  standard 
liters  per  minute  (SLPM),  for  ease  of  comparison  between 
experiments.  The  exhaust  gases  are  sampled  with  a  gas 
sampling  valve,  and  the  composition  is  monitored  with 
gas  chromatography  (GC),  using  both  a  thermal 
conductivity  detector  and  a  flame  ionization  detector. 

The  thermoelectrics  used  were  Model  HZ-2  from  Hi- 
Z  Technology,  Inc.  (San  Diego,  CA).  The  devices  are 
approximately  2.9  cm  wide  x  2.9  cm  long  x  0.5  cm  thick, 
weight  13.5  g,  and  are  rated  for  output  2.5  W  at  3.3  V. 


Figure  5.  Temperature  profiles  for  H2/air  combustion,  with  an 
equivalence  ratio  of  0.6,  for  different  inserts.  As  the  material 
conductivity  increases,  the  temperature  uniformity  improves. 


3.  RESULTS 

3.1  Thermal  smoothing  through  materials 
modification 

To  efficiently  utilize  microcombustors  with 
thermoelectrics,  the  temperature  gradient  across  the 
thickness  of  the  thermoelectric  device  must  be 


maximized,  while  preventing  the  thermoelectric  from 
being  exposed  to  temperatures  above  the  limits  of  its 
materials  and  packaging.  These  conditions  require  that 
controls  exist  for  limiting  the  upper  temperature  of  the 
microcombustor,  and  that  uniform  temperatures  over  the 
microcombustor  device  can  be  achieved.  In  this  section 
we  explore  the  effects  of  equivalence  ratio,  fuel  type,  and 
wall  conductivity  for  achieving  these  objectives. 


Figure  6.  Temperature  profiles  for  stoichiometric  propane/air 
combustion,  using  different  materials  for  the  conducting  inserts. 
As  the  material  conductivity  increases,  the  temperature 
uniformity  improves. 

Figure  5  shows  the  temperature  profiles  observed  in 
the  small  microcombustor  for  H2/air  combustion  at  an 
equivalence  ratio  of  0.6  for  the  three  types  of  wall  inserts: 
copper,  stainless  steel,  and  air.  The  equivalence  ratio  is 
defined  as  the  molar  ratio  of  fuel  to  air  normalized  by  the 
stoichiometric  ratio  of  fuel  to  air.  Figure  6  shows  the 
corresponding  temperature  profiles  for  stoichiometric 
C3H8/air  combustion.  In  both  Figures  the  shaded  region 
indicates  the  catalytic  zone  and  the  lines  are  smooth 
interpolations  of  the  experimental  points. 

For  both  fuels,  a  sharp  spike  in  temperature  is 
observed  at  the  start  of  the  catalytic  zone  in  burners  with 
air  inserts.  As  the  flow  continues  downstream,  wall 
temperature  decreases.  These  profiles  indicate  that 
combustion  occurs  over  a  short  length  at  the  beginning  of 
the  catalytic  zone.  Once  combustion  is  complete,  cooling 
occurs  due  to  heat  losses.  These  heat  losses  include 
conductive  losses  which  diffuse  the  thermal  energy  over 
the  bulk  of  the  metal  device,  as  well  as  losses  through  the 
insulation  material  and  into  the  environment.  In  the 
combustors  with  stainless  steel  inserts,  the  maximum 
temperature  is  decreased,  and  the  temperature  profile  is 
slightly  flattened.  Finally,  the  temperature  within  the 
catalytic  zone  is  nearly  uniform  when  copper  inserts  are 


employed.  Note  that  the  highest  exit  temperature  is 
observed  for  the  copper  insert  case,  indicating  that  less 
heat  is  lost  to  the  surroundings.  However,  the  difference 
in  exit  temperatures  for  different  conducting  inserts  is 
significantly  smaller  than  the  difference  between  the  exit 
temperatures  and  the  adiabatic  flame  temperatures. 
Therefore,  the  external  reactor  temperatures,  and  thus  the 
external  heat  losses  for  all  inserts  are  very  similar. 

Figure  7  shows  the  maximum  temperature  observed 
in  the  device  as  a  function  of  equivalence  ratio  for  both  H2 
and  C3H8  combustion  for  different  conducting  inserts.  In 
general,  the  maximum  temperature  increases  as  the  feed 
mixture  tends  towards  stoichiometric  (an  expected  result). 
For  both  fuels,  as  the  thermal  conductivity  of  the  inserts 
increases,  the  maximum  temperature  decreases  as  a  result 
of  the  thermal  smoothing.  H2  combustion  is  stabilized 
down  to  the  leanest  possible  limits,  whereas  C3H8 
combustion  extinguishes  below  an  equivalence  ratio  of 
-0.6.  The  equivalence  ratio  at  which  extinction  occurs 
appears  to  be  independent  of  the  thermal  conductivity  of 
the  insert.  An  important  result  from  these  experiments  is 
that  the  maximum  device  temperature  can  be  controlled 
by  adjustment  of  the  fliel/air  ratio,  with  stable 
temperatures  below  100°C  possible  for  very  lean  H2 
systems. 
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Figure  7.  Maximum  temperature  measured  in  the 
microcombustor  versus  the  equivalence  ratio  for  H2  and  C3H8 
combustion,  for  conducting  inserts  of  different  materials.  H2 
allows  stabilized  combustion  down  to  the  leanest  equivalence 
ratios.  C3H8  extinguishes  at  an  equivalence  ratio  of 
approximately  0.6,  regardless  of  the  conducting  insert.  S.S. 
stands  for  type  316  stainless  steel.  The  lines  are  smooth 
interpolations  of  the  experimental  points. 


Figure  8  shows  the  conversion  of  the  fuel  versus  the 
equivalence  ratio  for  both  fuels  for  conducting  inserts  of 
different  materials.  For  both  fuels  conversion  is  nearly 


complete  away  from  extinction,  but  some  drop  occurs  for 
the  leanest  compositions.  For  the  leanest  compositions, 
the  burner  temperature  drops  significantly  and  reduces  the 
reaction  rate,  such  that  incomplete  combustion  is 
observed.  As  nearly  1 00%  chemical  efficiency  is  achieved 
over  a  wide  range  of  compositions  for  each  fuel,  these 
devices  demonstrate  great  potential  for  efficient 
utilization  of  the  combustion  energy.  Furthermore,  GC 
measurements  verify  that,  under  these  conditions, 
production  of  carbon  monoxide  or  release  of  unburned 
fuel  is  very  unlikely,  enabling  the  use  of  these  devices  in 
close  quarters  with  minimal  safety  concerns. 


Figure  8.  Conversion  versus  equivalence  ratio  for  H2  and  C3H8 
combustion,  for  conducting  inserts  of  different  materials.  H2 
shows  near  complete  conversion  down  to  very  lean 
compositions.  C3H8  shows  complete  conversion  down  to  near 
the  extinction  limit,  where  conversion  drops  off  sharply.  S.S. 
stands  for  type  316  stainless  steel.  The  lines  are  smooth 
interpolations  of  the  experimental  points. 

Figures  5  and  6  demonstrate  that  temperature 
uniformity  is  achievable  using  composite  walls  with 
exterior  inserts  made  of  highly  conductive  materials. 
However,  as  the  equivalence  ratio  varies,  so  does  the 
power  generated.  Therefore,  it  is  important  to  assess  that 
good  temperature  uniformity  can  be  achieved  for  all 
compositions.  Figure  9  shows  the  temperature  differential, 
i.e.,  the  difference  between  the  maximum  and  minimum 
temperatures  measured  within  the  catalytic  zone  of  the 
burner,  as  a  function  of  equivalence  ratio  for  H2  and  C3H8 
combustion,  for  conducting  inserts  of  different  materials. 
Independent  of  the  fuel  and  insert,  as  the  equivalence 
ratio,  and  therefore  the  maximum  temperature,  increases, 
the  temperature  differential  increases  as  shown  in  Figure 
9.  As  expected,  more  conductive  inserts  decrease  the 
temperature  differential.  For  example,  increasing  the 
thermal  conductivity  from  air  to  copper  results  in  a 
decrease  in  the  temperature  differential  by  approximately 


an  order  of  magnitude.  H2  is  able  to  self-sustain 
combustion  at  lower  equivalence  ratios  and  combust  at 
lower  temperatures  than  C3H8  combustion,  and  can 
therefore  achieve  lower  temperature  differentials. 


Figure  9.  Temperature  differential  versus  the  equivalence  ratio 
for  H2  and  C3H8  microcombustion,  for  conducting  inserts  of 
different  materials.  Highly  conductive  walls  reduce  the 
temperature  differential  for  both  H2  and  C3H8  combustion.  S.S. 
stands  for  type  316  stainless  steel.  The  lines  are  smooth 
interpolations  of  the  experimental  points. 

3.2  Thermal  Imaging  of  Catalytic  Microcombustors 

In  order  to  better  understand  the  behavior  of  the 
catalytic  microburners,  thermal  imaging  using  an  IR 
camera  was  performed.  During  this  procedure,  the 
insulation  was  completely  removed  from  all  sides  of  the 
burner  to  enable  the  IR  camera  to  directly  view  the 
microcombustor  plates. 

Figure  10  shows  temperature  contours  for  the 
catalytic  microcombustion  of  H2  in  air,  at  an  equivalence 
ratio  of  0.6.  The  location  of  the  internal  catalytic  insert  is 
outlined  for  ease  of  visualization.  There  is  good  thermal 
uniformity  in  the  transverse  direction  within  the 
combustion  channel,  suggesting  that  the  mixing  screens 
are  functioning  adequately.  Some  transverse  gradients  are 
observable  from  the  inner  channel  edge  to  the  edge  of  the 
combustor  plates.  Hottest  temperatures  are  observed 
shortly  downstream  of  the  inlet,  with  temperature  then 
decreasing  as  the  stream  approaches  the  outlet.  These 
axial  temperature  profiles  are  similar  to  those  observed  in 
Figures  5  and  6.  This  system  is  most  similar  to  the  air 
insert  case;  however,  the  IR  and  thermocouple 
measurements  are  not  in  quantitative  agreement  because 
of  significant  differences  in  insulation. 


3.3  Power  Generation  from  Integrated  Catalytic 
Combustion-Thermoelectric  Devices 

In  order  to  demonstrate  the  feasibility  of  generating 
electrical  power  from  a  catalytic  microcombustor,  the 
large  microcombustor  was  coupled  to  a  thermoelectric 
device  as  described  in  Section  2.  For  this  device, 
maximum  temperature  can  not  exceed  250  °C 
continuously  or  400  °C  intermittently.  In  order  to  analyze 
the  performance,  the  voltage  drop  and  current  were 
measured  across  different  lengths  of  a  nickel  chromium 
resistive  wire,  for  different  fuels  and  various 
compositions.  Runs  using  H2/air  and  C3H8/air  mixtures 
were  stable  over  a  range  of  equivalence  ratios.  However, 
the  maximum  temperatures  for  the  C3H8/air  system  were 
beyond  the  maximum  temperature  limits  of  the 
thermoelectric  device.  For  these  systems,  the  thermal 
energy  was  further  diffused  by  coupling  the  small 
microcombustor  to  the  thermoelectric  using  a  large 
copper  wall  insert  sized  for  the  large  microcombustor. 
Under  these  conditions,  thermal  losses  into  the  copper 
plate  were  so  large  that  stable  C3H8/air  combustion  could 
not  be  achieved.  However,  by  inserting  a  thin  layer  of 
alumina  insulation  between  the  small  microcombustor  and 
the  copper  plate,  stable  C3H8/air  combustion  was 
achievable  in  the  device. 

572.3  °C 


217.3  °C 

Figure  10.  Infrared  photograph  of  the  microcombustor  during 
combustion  of  H2  /  air  at  an  equivalence  ratio  of  0.6.  The 
location  of  the  catalytic  insert  is  outlined  for  ease  of 
visualization. 

Figure  11  shows  the  power  generated  versus  the 
voltage  supplied  by  the  integrated  thermoelectric- 
microcombustor  device  for  H2/air  in  the  large 
microcombustor,  and  C3H8/air  in  the  modified  small 
microcombustor  as  described  above.  The  data  shown  are 
for  temperature  differentials  between  the  reactor  and  a 
heat  sink  of  253  °C  (H2/air,  equivalence  ratio  of  cf)  =  1.0), 


206  °C  (H2/air,  4>  =  0.60),  123°C  (C3H8/air,  cf>  *  1.0),  and 
118  °C  (H2/air,  §  =  0.26).  The  maximum  power  achieved 
in  these  initial  runs  is  approximately  1  W  for 
stoichiometric  H2/air  mixtures,  representing 
approximately  1%  thermal  efficiency  relative  to  the 
estimated  117  W  of  thermal  energy  being  generated  by 
the  combustion  reaction. 

In  order  to  test  the  performance  of  the  thermoelectric- 
microcombustor  devices  under  somewhat  realistic 
conditions,  they  were  used  to  power  a  portable  electronic 
gaming  device,  a  Gameboy®  Advance,  manufactured  by 
Nintendo.  The  powered  electrical  leads  from  the 
thermoelectric  were  directly  connected  to  the  battery  slot 
of  the  gaming  device,  as  shown  in  Figure  12,  which 
normally  uses  two  AA  batteries  (for  a  total  voltage  of  3 
V).  Using  the  H2  /  air  system  at  an  equivalence  ratio  of  § 
=  0.42,  the  gaming  device  drew  approximately  0.1  A  at 
2.5  V  and  functioned  normally.  Similarly,  the  device  was 
also  operated  using  C3H8  microcombustion  at  cf)  =  1.0. 


Voltage  [V] 

Figure  11.  Power  produced  versus  voltage  supplied  by  the 
thermoelectric-microcombustor  device  for  different  differences 
in  temperature  between  the  reactor  and  heat  sink  and  different 
fuels  indicated. 

To  provide  a  conservative  estimate  of  energy  density 
for  the  thermoelectric-microcombustor  device,  we  will 
assume  a  100  g  device  with  an  additional  100  g  of 
liquefiable  hydrocarbon,  such  as  propane.  This  mass  of 
fuel  is  capable  of  producing  4700  kJ  of  thermal  energy. 
Assuming  1%  conversion  efficiency  to  electricity  and  a 
total  system  mass  of  200  g,  the  energy  density  of  this 
system  would  be  0.24  MJ/kg.  This  value  is  comparable  to 
the  energy  density  of  traditional  batteries  (0.5  MJ/kg) 
(Sitzki  et  al.,  2001).  Assuming  a  1  W  continuous  load, 
such  a  device  could  operate  for  13  hours  from  the  100  g 
fuel  source.  Higher  efficiency  values  are  possible  if  the 


fuel-device  mass  ratio  were  increased.  Efficiency  and 
energy  density  increases  are  also  possible,  of  course, 
through  more  careful  engineering  of  the  microcombustor 
and  its  packaging. 


Figure  12.  Photograph  of  a  Gameboy®  Advance  being  powered 
by  a  thermoelectric-microcombustor  device.  Inset:  a  close  up  of 
the  device  in  action. 


4.  CONCLUSIONS 

Compact  catalytic  microcombustors  were  fabricated 
to  investigate  the  effect  of  axial  thermal  conductivity,  fuel 
type,  and  fuel/air  ratio  on  burner  performance.  These 
microcombustors  have  been  shown  to  produce  stable 
thermal  energy  over  a  broad  range  of  temperatures  and 
compositions  for  both  H2  and  C3H8  combustion. 
Increasing  the  axial  thermal  conductivity  of  the  wall 
materials  greatly  improves  device  thermal  uniformity, 
without  decreasing  device  stability.  The  H2/air  system 
offers  lower  combustion  temperatures  and  allows  leaner 
fuel/air  mixtures,  as  compared  with  C3H8,  demonstrating 
stable  combustion  temperatures  below  100°C.  The  C3H8 
system,  however,  is  simpler  to  implement  due  to  the 
challenges  associated  with  storing  H2  or  reforming 
processes  to  produce  H2. 

The  feasibility  of  generating  usable  electrical  power 
by  coupling  catalytic  microcombustors  with 
thermoelectric  devices  has  also  been  demonstrated. 
Approximately  1  W  of  power  was  generated,  at  a  thermal 
efficiency  of  ~1%,  using  both  hydrogen  and  propane 


systems.  A  portable  consumer  electronic  device  was 
powered  by  these  microcombustors,  demonstrating  energy 
density  comparable  to  batteries  but  utilizing  hydrocarbon 
fuels.  Continuing  work  in  combustion  efficiency,  thermal 
management,  packing  materials,  and  fuel  management 
should  enable  significant  improvements  in  device 
performance  and  practicality. 
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